Background Acute kidney injury (AKI) and infection are common complications after pediatric cardiac surgery. No pediatric study has evaluated for an association between postoperative AKI and infection. The objective of this study was to determine if AKI in neonates after cardiopulmonary bypass was associated with the development of a postoperative infection. Methods We performed a single center retrospective chart review from January 2009 to December 2015 of neonates (age ≤ 30 days) undergoing the Norwood procedure. AKI was defined by the modified neonatal Kidney Disease Improving Global outcomes serum creatinine criteria using (1) measured serum creatinine and (2) creatinine corrected for fluid balance on postoperative days 1-4. Infection, (culture positive or presumed), must have occurred after a diagnosis of AKI and within 60 days of surgery. Results Ninety-five patients were included, of which postoperative infection occurred in 42 (44%). AKI occurred in 38 (40%) and 42 (44%) patients by measured serum creatinine and fluid overload corrected creatinine, respectively, and was most commonly diagnosed on postoperative day 2. The median time to infection from the time of surgery and AKI was 7 days (IQR 5-14 days) and 6 days (IQR 3-13 days), respectively. After adjusting for confounders, the odds of a postoperative infection were 3.64 times greater in patients with fluid corrected AKI (95% CI, 1.36-9.75; p = 0.01). Conclusions Fluid corrected AKI was independently associated with the development of a postoperative infection. These findings support the notion that AKI is an immunosuppressed state that increases the risk of infection.
Introduction
Sepsis is the leading cause of death in patients with acute kidney injury (AKI) [1] [2] [3] [4] . Sepsis is also the most common cause of AKI. Sepsis-induced AKI significantly worsens patients' prognosis, when compared to AKI from other causes [5] [6] [7] [8] [9] [10] [11] [12] [13] . Several adult studies have evaluated for the impact of AKI on subsequent rates of infection or sepsis [14] [15] [16] [17] [18] [19] . In adults after cardiac surgery, infectious complications were significantly higher among patients with impaired preoperative renal function [15, 20] or postoperative AKI [15, 20, 21] . These findings have led to the conclusion that AKIlike end stage renal disease (ESRD)-is an immunosuppressed state [18, 22, 23] .
AKI after pediatric cardiac surgery is common, occurring in 20-50% of patients [24, 25] . The etiology of cardiac surgery associated AKI is multifactorial and is associated with significant morbidity and mortality, including increased duration of mechanical ventilation, prolonged intensive care and hospital length of stay [24, 25] , and increased hospital costs [26] . Although AKI is typically diagnosed by a rise in serum creatinine relative to baseline, recent studies in both adults and children suggest that AKI may be more accurately diagnosed when the change in serum creatinine is corrected for fluid overload [27] [28] [29] . This is particularly important in neonates, who have a higher percent of total body water, and thus fluid overload can have a significant diluting effect on serum creatinine and mask AKI. In neonates with transposition of the great arteries, correcting creatinine for fluid balance increased the incidence of AKI and strengthened the association between AKI and postoperative morbidity (duration of mechanical ventilation and length of stay) [27] .
The Norwood procedure represents one of the most complex procedures performed for single ventricle heart disease in the neonatal period and is associated with much higher risk for AKI. Mortality rates may be as high as 40% [30] [31] [32] [33] [34] [35] due to the development of certain postoperative complications such as infection, AKI, and cardiac arrest [35] . AKI requiring temporary or permanent dialysis was associated with the highest mortality risk of 67 and 91%, respectively [35] . We selected this population specifically for the high rate of AKI in order to assess for the outcome of interest.
The high rate of mortality associated with AKI suggests that there are deleterious systemic effects that affect mortality. Since sepsis is the leading cause of death in patient with AKI, it is plausible that AKI may predispose to subsequent infection/sepsis. To date, the relationship between postoperative infection, as a consequence of AKI in children, and cardiac surgery has not been evaluated. The purpose of this study was to evaluate for an association between AKI and postoperative infection. We hypothesized that AKI would be associated with subsequent infection in neonates after cardiac surgery based on associations seen in several adult studies [15] [16] [17] [18] [19] [20] [21] 36] .
Materials and methods
A single center retrospective chart review was performed in neonates (≤ 30 days of age) with single right ventricle congenital heart disease undergoing the Norwood operation from January 2009 to December 2015 following institutional review board approval and a waiver of informed consent. Subjects were excluded if they had preexisting abnormalities of the kidneys or genitourinary tract, use of preoperative extracorporeal membrane oxygenation (ECMO), or renal replacement therapy (RRT).
The primary outcome was the development of a postoperative infection. A postoperative infection was defined as either culture positive or culture negative and, for this study, had to occur after a diagnosis of AKI. The Society of Thoracic Surgeons (STS) database provides a comprehensive definition for the presence of a postoperative infection: Sepsis is defined as evidence of serious infection accompanied by a deleterious systemic response. In the time period of the first 48 postoperative or postprocedural hours, the diagnosis of sepsis requires the presence of a systemic inflammatory response syndrome (SIRS) resulting from a proven infection (such as bacteremia, fungemia, or urinary tract infection). In the time period after the first 48 postoperative or postprocedural hours, sepsis may be diagnosed by the presence of a SIRS resulting from suspected or proven infection. During the first 48 h, a SIRS may result from the stress associated with surgery and/or cardiopulmonary bypass. Thus, the clinical criteria for sepsis during this time period should be more stringent. A SIRS is present when at least two of the following criteria are present: hypo-or hyperthermia (> 38.5 or < 36.0), tachycardia or bradycardia, tachypnea, leukocytosis or leukopenia, and thrombocytopenia. Culture positive infection was broadly defined as detection of any organism (bacterial, viral, or fungal) from any source (surgical site, blood, urine, respiratory tract (tracheitis or pneumonia), and intracardiac). We modified the STS definition for culture negative patients, in which we assessed for at least two concurrent vital sign changes on the index day as well as at least one laboratory parameter (although a rise in serum lactate could not be used alone, and we did not consider thrombocytopenia as a marker of infection). Even if these criteria were met, but antimicrobial therapy was discontinued before 5 days, that patient was then considered to be not infected. Culture negative infection was defined as any patient in which there was a high clinical suspicion for infection with abnormal laboratory parameters and clinical signs and administration of at least a 5-day course of antimicrobial therapy. The clinical and laboratory signs included fever (temperature ≥ 38.4°C), tachycardia (> 75th percentile for age), hypotension (< 25th percentile for age), inadequate tissue oxygen delivery defined by a rising lactate > 2 mmol/L and decline in cerebral near infrared spectroscopy from baseline, a rise in inflammatory markers from postoperative baseline measures, and an elevated or suppressed white blood cell count with abnormal differential cell count based on normative values for age. The infection had to occur after AKI and within 60 days of the index cardiac surgery.
AKI was defined using the neonatal modified Kidney Disease: Improving Global Outcomes (KDIGO) serum creatinine criteria [37] in two ways: (1) using measured creatinine and (2) creatinine corrected for fluid balance and total body water as previously described [27] [28] [29] . Baseline serum creatinine was the lowest measured value prior to cardiac surgery. AKI must have occurred no sooner than the first postoperative day and up to the fourth postoperative day.
Surgery was performed by two cardiac surgeons. Some patients underwent operative placement of a peritoneal dialysis catheter for passive drainage. This was performed at the discretion of the surgeon. Patients received standard peri-operative antimicrobial prophylaxis using cefazolin, which was continued for three doses following surgery. All patients received pre-and peri-operative steroids (two doses) using methylprednisolone (10 mg/kg) per standard protocol. For refractory low cardiac output syndrome (LCOS) (which is known to occur in the first 6-18 h after cardiac surgery), some patients received postoperative hydrocortisone (2 mg/kg) every 6 h for 24-48 h, which was weaned over the subsequent 2-3 days at the discretion of the cardiac intensivist. Mortality was defined as operative (died in the hospital or within 30 days if after hospital discharge) and other (died after discharge or > 30 days).
Data were collected using Research Electronic Data Capture [38] . Normally distributed variables are summarized as mean ± standard deviation (SD) and were analyzed using t tests. Non-normally distributed variables are summarized as median with interquartile range (IQR) and were analyzed using Wilcoxon Rank Sum tests. Categorical variables are summarized using frequency and proportion and compared using chi-square or Fisher exact tests as appropriate. Multivariable logistic regression was performed to determine the association between AKI and subsequent infection for both measured creatinine and fluid corrected creatinine. We used a combination of criteria determined a priori based on subject matter considerations and biological understanding to designate three sets of covariates for inclusion in the regression models: unadjusted; model 1 adjusted for AKI, delayed sternal closure and use of postoperative steroids; model 2 adjusted for model 1 + peritoneal drain, cardiopulmonary bypass duration, and ethnicity; and model 3 adjusted for model 2 + total ventilation days. A p value of < 0.05 was considered statistically significant. Statistical analyses were performed using SAS software 9.4, Cary, NC, USA, and JMP.
Results
A total of 95 consecutive neonates with a single right ventricle who underwent the Norwood procedure were included in the analysis. No patients were excluded. Importantly, no patients presented in shock. A schematic of patient characteristics is summarized in Fig. 1 .
Infection is a common complication after pediatric cardiac surgery Postoperative infection occurred in 42 (44%) neonates after cardiac surgery. Demographics, operative, postoperative characteristics, and outcomes are summarized in Table 1 . The median time to infection from surgery was 7 days (IQR 5-14 days). Cardiopulmonary bypass duration was significantly longer among those who developed a postoperative infection (188.48 ± 40.54 vs. 166.38 ± 36.76; p = 0.007). A greater proportion of patients with delayed sternal closure (69%) and a peritoneal drain (60%) developed a postoperative infection compared to immediate sternal closure (42%) and those who did not have a peritoneal drain (38%) (p = 0.01 and p = 0.04, respectively). A greater proportion of patients who developed a postoperative infection received postoperative hydrocortisone for LCOS (n = 28, 67% vs. n = 25, 47%) (p = 0.07). Duration of mechanical ventilation, intensive care unit length of stay, and hospital length of stay were all significantly longer among patients who developed a postoperative infection. Nineteen (45%) patients had culture positive infection, and 23 (55%) were culture negative (Supplementary Table 1) .
AKI is common among neonates following the Norwood procedure Thirty-eight (40%) patients developed AKI (measured creatinine): stage 1: n = 26, 68%; stage 2: n = 7, 18%, and stage III: n = 5, 13%. Most patients (n = 19, 50%) experienced AKI on postoperative day 2, and the remaining patients experienced AKI on postoperative day 1 (n = 7, 18%), postoperative day 3 (n = 7, 18%), and postoperative day 4 (n = 5, 13%). After correcting creatinine for fluid overload, the rate of AKI increased to 44% (n = 42), and the proportion of patients with stage 3 AKI increased to 21% (n = 9) ( Supplementary Fig. 1 ) (adapted from Basu et al.) [27] .
AKI is associated with development of a postoperative infection AKI (measured creatinine) was more common among those who subsequently developed a postoperative infection (n = 23, 55% vs. n = 15, 28%) (p = 0.01). AKI (fluid corrected) was significantly more common in those with a subsequent postoperative infection (n = 27, 64%) versus those who did not develop a postoperative infection (n = 15, 28%) (p = 0.0008). There was no significant difference in the median time to infection from the day of surgery in patients with AKI (7 days; IQR 5-10 days) compared to those without AKI (8 days, IQR 5-15 days) (p = 0.22). The median time to infection following a diagnosis of AKI (measured and fluid corrected) was 6 days (IQR 3-13 days). In the univariate analysis, the odds of developing Table 2 . When patients with only positive cultures were considered, there was no association between AKI and development of a postoperative infection. Twenty-three patients with AKI (measured) had a postoperative infection, of which 10 (43%) were culture positive (p = 1). Twenty-seven patients with AKI (fluid corrected) had a postoperative infection, of which 11 (40.7%) were culture positive (p = 0.52).
AKI is independently associated with the development of a postoperative infection AKI (measured creatinine) was independently associated with development of a postoperative infection in model 1 (adjusting for delayed sternal closure and use of postoperative steroids) and model 2 (adjusting for variables in model 1, the presence of a peritoneal drain, cardiopulmonary bypass duration, and ethnicity). AKI was not associated with postoperative infection in model 3, which was adjusted for those variables in model 2 plus total ventilation days (Table 3 ).
In the assessment of the association between fluid corrected AKI and development of postoperative infection after adjusting for delayed sternal closure, use of postoperative steroids, the presence of a peritoneal drain, cardiopulmonary bypass duration, ethnicity and duration of mechanical ventilation (model 3), the odds of a postoperative infection was 3.64 times greater in patients with fluid corrected AKI compared to those without AKI (95% CI 1.36-9.75, p = 0.01) ( Table 4) .
Discussion
This study is the first pediatric cardiac surgical cohort in which an association between cardiac surgery associated AKI and development of a subsequent postoperative infection is described. In this study, suspected or confirmed infection after a diagnosis of AKI was common, occurring in 44% of subjects, of which 55 and 64% developed AKI by measured and fluid corrected creatinine, respectively. We found that AKI, when correcting for fluid overload, unmasked additional cases and that fluid corrected AKI was independently associated with subsequent postoperative infection after adjusting for confounders. The pediatric population undergoing cardiac surgery is unique compared to their adult counterparts. Infection is not typically an indication for surgery. Other than genetic abnormalities [34] , the comorbid conditions encountered in adults that may be associated with risk of both AKI and infection do not exist in neonates. Thus, our finding of an association between fluid corrected AKI and infection in this neonatal population, even after adjusting for confounders, supports the notion that AKI is an immunosuppressed state that increases the risk for infection. Correcting creatinine for fluid overload has been shown to provide a better parameter for earlier recognition of AKI progression [28] and better explain the significantly higher morbidity and mortality rates [27, 29] . Finally, we selected this particular cohort because the Norwood procedure is complex, with a high rate of both AKI and infection (with delayed sternal closure, longer duration of mechanical ventilation and use of postoperative steroids as known risk factors [39] [40] [41] [42] ), thus enriching the pool for the primary outcome. While it is known that sepsis contributes to AKI, the frequency with which sepsis develops as a consequence of AKI is currently being investigated and has been reported in several adult studies [14] [15] [16] [17] [18] [19] 43] . The investigators reported that 45% of non-survivors developed sepsis after the development of contrast-induced AKI [14] . In a retrospective analysis of nearly 25,000 adults after cardiac surgery, preoperative and postoperative AKI was independently associated with postoperative infection but the timing between AKI and subsequent infection was not reported [15] . Zanardo et al. [20] and Corwin et al. [21] also demonstrated an increased incidence of postoperative infection in patients with AKI; the independent contribution of postoperative AKI on infection was not assessed. In the non-cardiac surgical population, Mehta et al. evaluated a large cohort of adults who were enrolled in the multicenter observational study of AKI (PICARD) [18] . Approximately 40% of the population developed sepsis a median of 5 days after AKI, with mortality rates in those with sepsis after AKI being much higher than those without AKI. Interestingly, the timing of sepsis after AKI in this study was similar to the timing of infection after AKI in our study. In a separate critically ill cohort, infection occurred in 80% of critically ill patients with AKI who were treated with renal replacement therapy [17] . Finally, while most studies have focused on risk for infection during the index admission, investigators in Taiwan assessed for risk of developing severe sepsis with a median follow-up time of 3.96 years [19] . The incidence of severe sepsis in the AKI group was threefold than those without AKI [19] .
The mechanism by which AKI increases the risk for infection/sepsis is not completely understood. Tsalik et al. used a systems biology approach to examine the impact of renal disease and hemodialysis on patient response during critical illness. The metabolome, proteome, and transcriptome were examined to identify factors associated with early community acquired sepsis and noninfectious systemic inflammatory response syndrome [43] . After stratifying for AKI, 58% of the metabolites were different, with the majority of differences accounted for by AKI [43] . While it has been previously hypothesized that accumulation of toxic substances in patients with AKI is what leads to its poor outcomes. However, based on the study by Tsalik et al., plasma levels of seven primary amino acids were decreased in patients with AKI. Interestingly, several of these primary amino acids have also been implicated in endothelial and immune dysfunction [43] , which may contribute to the association between AKI and development of subsequent infection. Further studies exploring the mechanistic pathway between AKI and infection are necessary. It is possible that assessment of both immune function and the metabolome concurrently would allow for an improved understanding of the immunosuppressed state caused by AKI. This study has several important strengths that include the homogenous cohort with a high rate of AKI and postoperative complications such as infection. The timing of AKI can be reasonably assumed to occur during cardiopulmonary bypass. While patients with single ventricle heart disease may not have normal renal function prior to surgery, use of the modified neonatal KDIGO criteria identified a significant proportion with postoperative AKI, and more refined definitions may in fact increase the rate of AKI and strengthen the association with infection. In addition, we assessed for AKI using measured and fluid corrected creatinine, unmasking additional cases. However, there are several important limitations. First, we did not use urine output criteria to define AKI in this cohort as it has not been validated in the pediatric cardiac surgery cohort. This may result in missed cases of AKI, based on a recently published pediatric epidemiology study of critically ill children [44] . Second, there may be other specific factors associated with postoperative infection that we were not able to identify based on the retrospective nature of this study and collinearity between variables. Third, our sample size was relatively small, and validation of these findings in a larger cohort is necessary. Fourth, it is possible that the diagnosis of LCOS could be interpreted as culture negative infection given the similar constellation of clinical findings. However, none of the patients developed an infection within the typical period of LCOS (12-18 h after cardiac surgery). Our criteria for assessment of infection were slightly more rigorous than the STS database.
In conclusion, fluid corrected AKI was independently associated with subsequent postoperative infection. Thus, finding an association between AKI and infection, even after adjusting for confounders, supports the notion that AKI is an immunosuppressed state that increases the risk of infection. Future large prospective studies in children after cardiac surgery are necessary to validate the association between postoperative AKI and infection and to investigate the mechanistic pathways by which this occurs.
